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SYNPOSIS: A specialty contractor installed high-capacity pressure-injected footings (PIFs) for 
foundations in a congested area of an existing coal-fired power plant. Some concrete cylinders 
broke at strengths significantly lower than the minimum specified strength. Initial coring of some 
of the PIFs uncovered voids and deleterious matter at the junction of the shaft and the end-bearing 
base of the PIFs. Subsequent load tests and additional coring substantiated the load-transfer 
problem. A field testing program was initiated to verify the load-carrying capacity of all the 
completed PIFs. Wave equation analyses optimized the testing program, established the field testing 
criteria, and predicted ultimate capacities close to the measured capacities determined from load 
tests. Load tests also verified the design equation used to control installation of the foundation 
units. Field testing increased the overall average factor of safety with respect to ultimate 
capacity. 
INTRODUCTION 
An existing, coal-burning power plant required 
a stack-gas, emission-control system addition. 
Noise and vibration restrictions, space 
limitations, and economic considerations 
resulted in the selection of pressure-injected 
footings (PIFs) for foundation support. The 
entire foundation system consisted of 128 
PIFs, placed in groups of three or four. 
Subsurface conditions in the area consisted of 
40 feet of sand and clay fill, 30 feet of 
dense sand, underlain by hard silt and clay, 
with the ground water level about 20 feet 
below the existing ground surface. 
A PIF is an end-bearing foundation unit 
consisting of an enlarged concrete base at the 
bottom of a concrete shaft. The base is 
formed in the soil bearing stratum by using a 
high-energy drop hammer to drive concrete out 
through the bottom of a drive tube to form a 
"bulb" of concrete. The function of the 
"bulb" of concrete or base is to deliver the 
load to the compacted soil; the shaft delivers 
the load to the base. The shaft is compact"ed 
concrete poured in-place, either in contact 
with the soil, or encased in a corrugated, 
metal shell. 
This case history describes and discusses an 
unanticipated problem encountered during PIF 
installation, its solution, and the results. 
SUBSURFACE CONDITIONS 
A subsurface exploration program was carried 
out at the location of the facility. Standard 
penetration test (SPT) borings were drilled to 
depths up to 120 feet below ground surface. 
The results verified earlier investigations 
performed for the existing structures. A 
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Ftg.1 Typical Installation And 
Sul>surface Conditions 
The subsurface conditions in the vicinity of 
the facility consist of approximately 40 feet 
of miscellaneous fill, with SPT N-values 
ranging from 5 to 15 blows/foot; ··Underlying 
the fill is a layer of medium dense to very 
dense, medium to coarse sand about 30 feet 
thick, with SPT N-values ranging from 30 to 60 
blows/foot. Below the sand is a layer of very 
stiff to hard silty clay about 50 feet thick, 
with SPT N-values ranging from 30 to 50 
blows/foot. The ground water level is 20 feet 
below the existing ground surface. 
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PRE-PRODUCTION LOAD TESTS 
After solicitation of bids and award of the 
contract, PIF installation began. After 
several production PIFs were installed at 
random locations around the site, one was 
selected for load testing. Since PIF-111 
required the fewest number of hammer blows to 
expel the last 5 cubic feet of zero-slump 
concrete to form the base, it was selected for 
the load test. 
The load test was carried to twice the 170-ton 
design load, or 340 tons. A single hydraulic 
jack, placed between the top of PIF and the 
bottom of a reaction beam, applied the load. 
Four PIFs on each side of the reaction beam 
served as the anchor. Load increments of 
approximately 40 tons were applied and held 
for one hour each until the maximum test load 
of 340 tons was reached. At this point, the 
test load was held for 24 hours and the 
settlement was monitored. The measured gross 
settlement under the test load was 1.2 inches. 
Since the structures could tolerate this 
amount of settlement, the 340-ton test load 
was considered the ultimate load capacity for 
PIF-111. The load-deflection curve for 
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FIg. 2 Load Test Curves 
The results verified both the adequacy of the 
bearing stratum and the analytical equation 
for PIF capacity developed by R. L. Nordlund, 
(1970) i.e., the ultimate capacity of the base 
is directly proportional to the number of 
blows of the hammer ram to inject the last 
cubic foot of zero-slump concrete into the 
base, and proportional to the energy per blow 
of the ram. 
1234 
where: 
LU = B X W X H X v213 
K 
Lu Ultimate capacity, in tons 
(1) 
B = Number of blows required to inject 
the last five cubic feet of 
zero-slump concrete into the base 
W Weight of drop hammer used to form 
base, in pounds 
H Fall of drop hammer to form base 
in feet 
V Total volume of zero-slump concrete 
to form the base, in cubic feet 
K Constant of proportionability for 
design equation = 60 
The resulting ultimate capacity equation for 
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Following load test completion, the contractor 
then proceeded to install the remaining PIFs, 
using the same procedures as those used for 
PIF-111, namely, a drop-hammer energy of 
140,000 foot-pounds, and a minimum of 34 
hammer blows to expel the last 5 cubic feet of 
zero-slump, base concrete. 
CONSTRUCTION PROBLEMS AND ADDITIONAL TESTING 
During PIF installation, an independent 
testing firm was retained to perform quality 
control testing. As part of the contract, the 
firm monitored the PIF installation and 
prepared concrete cylinders for routine 
compressive strength tests. During 
construction, some of the 28-day compressive 
strength breaks were significantly lower than 
the specified strength of 4,500 psi. Upon 
reviewing the testing firm's procedures, it 
was determined water was being added to the 
concrete just prior to making the cylinders, 
thus casting doubt on the results. At this 
point, it was concluded the only way to 
accurately determine the strength of the 
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already placed concrete would be to core the 
concrete of the completed PIFs and perform 
compressive strength tests on the recovered 
concrete cores. 
The coring program uncovered several apparent 
voids and foreign material, such as mud and 
brick fragments in the stem area above the 
base. Further, compressive strength results 
were as low as 1,000 psi. The combination of 
potential voids, segregrated concrete, foreign 
material, and low compressive strength 
indicated a potential problem of load transfer 
through the steam area. With PIF installation 
essentially complete at this time, additional 
core sampling and load tests were recommended 
and conducted on additional complete PIFs. 
A double-tube core barrel, which produced 
4-inch diameter samples, was used for the 
additional coring. These large-diameter core 
samples were tested to determine the 
unconfined compressive strengths and unit 
weight. The minimum compressive strengths 
recorded for the additional cores were 2,400 
psi from the stem area and 1,700 psi from the 
base, with the unit weight being approximately 
148 pcf. 
Additional load tests were performed on 
completed PIFs 95 and 5. During initial 
loading of PIF-95, a rapid settlement of about 
1.5 inches occurred between the loads of 40 
and 80 tons, as seen on Figure 2. The load 
test was continued to 170 tons, and 
subsequently reduced to zero to determine the 
net settlement. The load test was then cycled 
back to 170 tons, and continued to 340 tons. 
The curve was corrected for this rapid 
movement by extending the portion of the curve 
between 170 and 340 tons back to zero load and 
then shifting the entire curve to the origin. 
The corrected curve for PIF-95 and the curve 
from the test .conducted on PIF-5 compared 
quite closely to PIF-111 as shown on Figure 2. 
These two load tests also verified the 
adequacy of the sand bearing stratum to 
support the load imposed by the base, and the 
analytical equation for PIF capacity as shown 
on Figure 3. However, the sudden movement in 
PIF-95 indicated a potential weak link in the 
load transfer mechanism between the shaft and 
the base, a condition unsatisfactory for the 
as-built PIF. As a result, all of the 
untested PIFs were considered suspect, and 
thus a method was needed to test the as-built 
condition of these PIFs. 
WAVE EQUATION ANALYSIS 
After evaluation of cost and time factors, a 
dynamic testing program was selected to verify 
or achieve the required capacity for each 
as-built PIF. This program consisted of 
driving the concrete piles to high end-bearing 
resistance on the base. Typical PIF 
installation and simulation are shown on 
Figure 4. The basic assumption was that there 
was a void or weak zone at the junction of the 
shaft and base. The wave equation program 
(Goble and Rausch, 1976 and Lowery, 1970) was 
used to evaluate pile capacity and associated 
stresses caused by driving. Details of the 
1235 
wave equation theory will not be given here, 
but are well documented elsewhere (Goble and 









F Jg.4 Dynamic Testing ProblemS Jmulation 
The solution consists of idealizing the actual 
pile-driving system as a series of concentrated 
weights and springs as shown on Figure 5. 
Idealization includes simulation of the soil 
medium as well as the pile driver and pile. 
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TABLE I. Wave Equation Input Data 
Hammer Model Pile (PIF) Model Soil Model 
a. Vulcan 014 single acting a. Length - 33 feet a. Distribution - Triangular 
air/steam hammer b. Diameter- 17 inches b. Amount of skin friction - 10% 
b. Ram Weight - 14,000 pounds 
c. Rated Energy - 42,000 
d. Capblock Material - Alter-
nating disks of aluminum/ 
micarta, 20 inches high, 
17 inches in diameter, 
with an elastic modulus 
c. Concrete unconfined 
compressive strength 
of 5,000 pounds/square 
inch 
c. Amount of end bearing - 90% 
d. Side Quake - 0.1 inch 
e. Tip Quake - 0.1 inch 
f. Side damping (Smith type) -
0.05 second/feet d. Concrete elastic 
modulus of 4,200 kips/ 
square inch 
g. Tip damping (Smith type) -
0.15 second/feet 
of 700 kips/square inch 
and a coefficient of 
restitution of 0.8 
e. Concrete unit weight 
of 148 pounds/cubic 
foot 
e. Cushion - Fir plywood, 
with an elastic modulus 
of 35 kips/square inch 
and a coefficient of 
restitution of 0.4 
The results of the analysis are used to 
construct a bearing graph that relates 
ultimate resistance and stress to the set or 
blow count. Details of the input used in the 
analysis are given on Table 1. 
Initial ultimate capacity of each as-built PIF 
was not known, but it was reasonable to 
estimate a combined frictional- and end-bearing 
capacity of 50 tons if a void was assumed in 
the concrete at the base of the shaft. This 
was based on the performance of PIF-95, which 
was load tested and began to settle in the 
range of 40 to 80 tons. Soil resistance 
distribution was assumed to be about 90 percent 
end bearing because the method of installation 
resulted in minimum friction friction along the 
shaft. Three cases were analyzed, details of 
which are given in Table 2. Case 1 provided a 
soft ram impact, kept the compressive stresses 
low for the first few hammer blows, and built 
up some resistance while cases 2 and 3 provided 
an increasingly harder impact, higher 
compressive stresses, and higher resistances. 
TABLE II. Wave Equation Cases 
Hammer Cusion on Cushion on 
Stroke Follower PIF 
Case In Inches In Inches In Inches 
1 24 3 12 
2 24 0 lo.s<l) 
3 30 0 9(1) 
(1) Compressed due to driving 
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The results of the wave equation analyses are 
shown on Figure 6. Case 1 condition resulted 
in a maximum tensile stress of 400 psi in 
overcoming a minimum ultimate resistance of 50 
tons. The corresponding compressive stress 
was approximately 2,000 psi. This condition 
occurred at a set of 1 inch per blow. As 
shown in Figure 6, as long as an initial set 
of 0.5 inches or less is measured under the 
first hammer blow, tensile stresses are not 
critical. Higher compressive stresses and 
ultimate capacities were developed with Case 2 
because of the harder impact and Case 3 
resulted in even higher ultimate resistances 
and compressive stresses because of the longer 
stroke and minimal cushioning. 
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BPl = HAMER BLOVS PER INCH 
NOTE: NUIIIER ADJACENT TO CURVES ARE CASE NOS. ANALYZED. 
F lg.6 Wave Equation Analysis 
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The following example is based on Case 2 with 
reference to Figure 6. If, in the field, the 
final hammer blow produced a permanent set of 
0.1 inch, then the ultimate, load-bearing 
capacity immediately after driving should be 
about 220 tons, and the maximum compressive 
stress induced in the shaft should be about 
2,400 psi. This ultimate resistance is the 
total soil resistance overcome during driving. 
DRIVING CRITERIA 
The wave equation analysis ·for Case 3 (full 
ram stroke and approximately 9 inches of 
plywood cushion) and the results of PIF-95 
established the field-driving criteria to be 
used for dynamic testing. For Case 3, a final 
set of 0.15 inch predicted an ultimate 
resistance of 240 tons and a maximum 
compressive stress of 2,900 psi in the shaft. 
Since the design load of 170 tons correspond 
to an approximate stress of 1,500 psi, this 
criteria provided a minimum factor of safety 
equal to 1.4, with respect to load carrying 
capacity, and 1.9, with respect to compression 
driving stress. As all the PIFs would be 
tested, these factors of safety were 
considered acceptable. The load-test curve 
for PIF-95, which settled excessively during 
the 40 to 80 ton increment, was reviewed. The 
break on Figure 2 indicates that the 
resistance built up after the shaft penetrated 
approximately 1.5 inches. Therefore, the 
field-driving criteria selected was a final 
set for Case 3 of 0.15 inch or less for the 
last hammer blow, and a total penetration of 
less than or equal to 1.5 inches. Case 1 and 
Case 2 driving criteria were arbitrarily 
selected to be a final set of 0.25 inch or 
less, and 0.2 inch or less, respectively. 
FIELD TESTING 
All 128 PIFs were tested dynamically within 
ten working days, with one crew working a 
standard eight-hour day. The testing was 
performed in the following manner. A 
graduated scale was attached to the side of 
the shaft, and the horizontal cross hair of a 
transit was used as a reference to measure the 
set under each hammer blow. The top of the 
shaft was leveled with some sand, and 12 
inches of plywood pile cushion, with holes cut 
to pass the reinforcing, was then set on the 
top of the shaft. Next, a follower was placed 
over the cushion and reinforcing, and an 
additional 3 inches of plywood cushion was 
placed on top of the follower. The hammer was 
then set in place on the follower. Figure 4 
shows the dynamic testing set up. One hammer 
blow was delivered using the short stroke, and 
the set of the pile was measured. Additional 
hammer blows were delivered until a set of 
0.25 inch or less was obtained (Case 1). The 
hammer was lifted off the follower and the 3 
inches of plywood was removed. The hammer was 
set back in place, and additional hammer blows 
were delivered, using the short stroke, until 
a set of 0.20 inch or less was obtained 
(Case 2). Finally, a full ram stroke was used 
and additional hammer blows delivered until a 
set of 0.15 inch or less was obtained (Case 3). 
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The three PIFs which had been load tested 
previously were retapped to compare the wave 
equation predicted capacity, Ru, with the 
measured load test capacity. The wave equation 
predicted the ultimate capacity within 15 
percent of the measured values as shown on 
Figure 7. As a result, the predicted stresses 
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RESULTS AND EVALUATIONS 
The reasonable accuracy of the wave equation 
to predict the ultimate capacity of the PIFs 
permitted comparing the initial capacity and 
the final capacity. The set measured under 
the first hammer blow was converted to the 
ultimate capacity (Figure 6), and is 
considered the initial as-built capacity. The 
PIF was then driven and the final set was 
converted again to ultimate capacity (Figure 
6). Table 3 is a summary of this comparison. 
TABLE Ill. Wave Equation Results 
INJTIAL ULTIMATE CAPACITY • TONS 
170 200 230 260 290 320 350 380 TOTALS 
1(1) I 
170 
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TOTALS 11 20 54 15 9 0 4 15 128 
(1 l PIF • 37 INITIAL CAPACITY 100 TONS ANO FINAL CAPACITY 120 TONS 
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The initial, or as-built, capacity ranges are 
across the top and the final capacity ranges 
are down the side. Figures in the table 
represent the number of PIFs with the 
particular initial and corresponding final 
capacities. Totals for each capacity range 
are shown also. For example, there were 15 
PIFs with an initial and final ultimate 
capacity in the range of 350 to 380 tons. 
Table 3 clearly shows that at least 11 PIFs 
had an initial ultimate capacity less than the 
design load of 170 tons. 
The field data were analyzed to determine the 
initial and final factors of safety with 
respect to load carrying capacity. Factor of 
safety is defined as the ratio of the initial 
or final ultimate soil bearing capacity to the 
design load of 17 0 tons. Initial fac-tors of 
safety ranged from a minimum of 0.5 to a 
maximum of 2.2,, and the average was 1.4. 
After dynamic testing, the resulting final 
factors of safety ranged from a minimum of 1.4 
to a maximum of 2.2, and the average was 1.9. 
PIFs-32, 27, and 94 were not included in 
computing the final factor of safety because 
they did not meet the driving criteria; and 
were subsequently replaced with PIFs installed 
adjacent to the unacceptable PIFs. 
SUMMARY AND CONCLUSIONS 
Load tests and coring of as-built PIFs 
confirmed a potential problem of load transfer 
between the shaft and the base of some of the 
128 PIFs, which had a design load of 170 tons. 
The wave equation was used to estimate the 
bearing capacity and stresses resulting from 
driving the PIFs to a high, bearing resistance 
against the base. 
The wave equation predicted ultimate capacities 
within 15 percent of measured capacities, 
determine from load tests, and these load tests 
also verified the design equation which was 
used to control PIF installation. 
All of the PIFs except three met the driving 
criteria; the three were replaced. Dynamic 
testing estimated the initial, ultimate load-
carrying capacity of each PIF, and identified 
at least 11 which were found to have initial, 
ultimate capacities less than the design load 
of 170 tons. Dynamic testing permitted 
driving each PIF to a higher, ultimate 
capacity, and resulted in increasing the 
overall average factor of safety from 1.4 to 
1.9. The completed structure has performed 
satisfactorily. 
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